Abstract. To study gene expression differences between oocyst and salivary gland sporozoites, cDNA libraries previously constructed from the two sporozoite populations of the avian malaria parasite, Plasmodium gallinaceum, were used in a subtractive hybridization protocol to isolate Pg93, a novel oocyst sporozoite gene. Pg93 encodes a putative ∼76 kDa translated protein that was predicted to localize to the nucleus. Transcriptional analysis indicates that Pg93 is preferentially expressed in oocyst sporozoites versus salivary gland sporozoites. Immuno-localization assays confirm both the nuclear prediction and transcriptional analysis, suggesting that Pg93 is a nuclear protein. BLAST sequence analysis indicates that Pg93 represents a novel gene that has significant homology with a Plasmodium falciparum hypothetical protein and translated Plasmodium knowlesi and Plasmodium vivax nucleotide sequences. This is the first characterization of a Plasmodium nuclear protein that shows preferential expression in one sporozoite population as compared with the other population.
INTRODUCTION
Malaria is a mosquito-borne disease caused by protozoan parasites of the genus Plasmodium. According to the World Health Organization (WHO), 300-500 million people are infected with malaria with more than 1 million fatal cases annually, most of whom are children in Africa. 38 Malaria is exhibiting a resurgence due in part to the increase in drugresistant parasites and insecticide-resistant mosquito vectors. 11 Despite a century of research, efforts to eradicate malaria have been ineffective, and currently the disease is endemic in more than 90 countries throughout the world. 38 However, with the advent of new technologies (e.g., microarrays and MudPIT) and new information garnered from genomics and proteomics advances, novel ways of controlling malaria now may be discovered.
Malaria sporozoites develop within the mosquito and travel from the oocyst, located on the basal lamina side of the midgut epithelium, to the salivary glands where they are transmitted to the vertebrate host when an infected mosquito takes a blood meal. This dual infectivity for host tissues makes oocyst and salivary gland sporozoites excellent targets for malaria control and prevention efforts. 17 Consequently, molecular, cellular, and biochemical investigations of Plasmodium sporozoites and particularly mosquito-sporozoite interactions are critical.
Although studies have shown that the infectivity of Plasmodium sporozoites is developmentally regulated, efforts to determine the genes/proteins involved in sporozoite infectivity have focused primarily on sporozoites isolated from the salivary glands with currently little information available on gene expression specifically in the sporozoites located in the oocyst. 18, 19, 23, 35 Therefore, a subtractive hybridization protocol was undertaken to identify differentially or preferentially expressed oocyst sporozoite genes. A novel sporozoite gene, Pg93, which is expressed preferentially in oocyst sporozoites, was isolated using a subtraction technique, and its initial characterization is described herein.
MATERIALS AND METHODS
Mosquito maintenance and the parasite transmission cycle. Aedes aegypti (Red strain) mosquitoes used for the transmission cycle were 3-10 days old. The mosquitoes were maintained at 27°C and 80% relative humidity with a 16-hour light and 8-hour dark cycle.
5 Sucrose (0.3 M) was fed to the mosquitoes ad libitum. 37 Plasmodium gallinaceum strain 8A 14 was maintained in White Leghorn chickens by exposure to P. gallinaceum sporozoite-infected mosquitoes. All animal care and the experiments described herein were approved by and performed in accordance with guidelines of the National Institutes of Health and the University of Missouri-Columbia Animal Care and Use Committee. cDNA libraries. The oocyst sporozoite and salivary gland sporozoite cDNA libraries that were used in this study were provided by Dr. Louis Miller. These libraries were commercially prepared by Stratagene (La Jolla, CA) in the Lambda Zap II Custom cDNA library vector. The A. aegypti midgut cDNA library, which was used as a driver library in the subtraction protocol, was constructed using 1.8 g of midgut poly A + RNA 7 and made using the Lambda Zap Express cDNA synthesis and Gigapack kit (Stratagene) following the manufacturer's instructions.
Subtractive hybridization protocol. A subtractive hybridization protocol was conducted as previously described. 15 Using this technique, single-stranded (ss), circular DNA plasmids were generated by an excision protocol from the oocyst sporozoite cDNA library (i.e., target library) and the salivary gland sporozoite and midgut cDNA libraries (i.e., driver libraries). An asymmetric polymerase chain reaction (PCR) with biotinylated dUTP was performed using the driver libraries as templates, and the resulting PCR product was hybridized with the ss plasmid DNA from the target library. Common sequences were subtracted away from the mix via the addition of streptavidin-coated magnetic beads, leaving behind nonbiotinylated target DNA sequences that were unique to or preferentially expressed in oocyst sporozoites. This target DNA was transformed into Escherichia coli cells, and plasmid DNA was isolated from each colony. After DNA sequence determination, the Pg93 cDNA clone was identified.
Isolation of the Pg93 genomic clone. A P. gallinaceum genomic library, kindly provided by Dr. David Kaslow, was screened to isolate a Pg93 genomic clone. The genomic library, maintained in the pBlueScript plasmid vector (Stratagene), was streaked to a density of 20,000 colonies per LB plate. The colonies then were transferred to nylon filters following a previously outlined protocol. 4 The Pg93 cDNA (25 ng) was radiolabeled with 32 P-dATP using the Megaprime DNA labeling kit (Amersham Biosciences, Piscataway, NJ) and hybridized to the filters overnight at 60°C. 5 After hybridization, the filters were washed at 60°C and exposed to x-ray film as previously described. 5 Those colonies that hybridized with the radiolabeled probe were isolated, plasmid DNA obtained, and the DNA sequence determined. 4 The sequences then were aligned with the Pg93 cDNA clone, using the Vector NTI sequence analysis program (Informax, Inc., Bethesda, MD) to confirm that an appropriate genomic clone had been isolated.
Sporozoite and sporozoite-infected tissue isolation. For the confocal microscopy experiments, P. gallinaceum mature oocyst sporozoites were isolated from A. aegypti mosquitoes 8-10 days postexposure (PE) to an infective blood meal, and sporozoites were collected from salivary glands 12-14 days PE. The exact time for dissecting sporozoites was determined by examining a sample of midguts and salivary glands from the same infected cohort. Oocyst sporozoites were purified by placing dissected, infected midguts on a microscope slide and using the pressure of a coverslip to expel sporozoites from the oocyst. Sporozoites were collected in a drop of Aedes saline, transferred to a 1.5 mL microcentrifuge tube, and washed in Aedes saline. 13 Infected salivary glands were disrupted gently in Aedes saline (125 L) via pipetting to release the sporozoites. The homogenate was centrifuged at 18,000 × g and washed several times in Aedes saline (50 L). After the final wash, sporozoites were resuspended in 50 L of Aedes saline, and an aliquot was placed on a hemocytometer and sporozoites counted using compound microscopy.
For the rapid amplification of cDNA ends (RACE) protocol, sporozoite-infected midguts were dissected from mosquitoes 8-10 days PE and examined microscopically to determine oocyst maturity. The infected midguts selected for use had a mature oocyst burden of at least 20 oocysts and often had a considerably higher oocyst burden (> 50 oocysts/gut).
For the reverse transcription PCR (RT-PCR) protocol, abdomens, containing midguts with mature sporozoites in oocysts (8-10 days PE), were obtained by separating the abdominal region from the thorax with a razor blade. Thoraces, containing sporozoite-infected salivary glands, were obtained by slicing the thorax from the abdomen on Days 12-14 PE. Control blood meal abdomens and thoraces were obtained as described above. To prevent contamination, a new razor blade was used with each group. Whole naive mosquitoes also were used as controls.
RNA isolation. Total RNA needed for the RACE and RT-PCR protocols was isolated using the TRIzol reagent as directed by the manufacturer (Invitrogen/Life Technologies, Carlsbad, CA) or the Qiagen RNeasy mini kit (Qiagen, Valencia, CA). To remove residual genomic DNA, the purified total RNA was treated with amplification grade DNase I using 1 U DNAase/g RNA per the manufacturer's instructions (Promega, Madison, WI).
Rapid amplification of cDNA ends. To obtain the 5Ј end of the Pg93 cDNA, a 5Ј RACE PCR was performed using the First Choice RLM-RACE Kit (Ambion, Austin, TX) following the protocol supplied by the manufacturer. In brief, 30 g of total RNA isolated from 60-90 P. gallinaceum-infected A. aegypti midguts, containing mature oocyst sporozoites, were treated with calf intestinal phosphatase (CIP; 10 U) and then incubated at 37°C for 1 hour. After CIP treatment and a phenol-chloroform extraction, the RNA was treated with tobacco acid pyrophosphatase (TAP-0.5 U) and incubated at 37°C for 1 hour. A kit adapter was ligated to the 5Ј end of full-length decapped mRNA (10 L final volume), and firststrand cDNA (20 L) was synthesized using 2-4 L of the decapped mRNA, a gene-specific anti-sense oligonucleotide primer, Superscript II reverse transcriptase (50 U), and the supplied buffers. The first-strand cDNA (2 L) was used as a template in a 50 L outer RACE PCR amplification containing final concentrations of the following: 1.25 U of Super Taq Plus polymerase (Ambion), 0.2 mM each dNTP, 1X reaction buffer, 2.0 mM MgSO 4 , and 0.4 M each of the RACE kit and Pg93 primers. The kit outer RACE primer was 5Ј-GC-TGATGGCGATGAATGAACACTG-3Ј and the Pg93 outer primer was 5Ј-CTATCATTTTTGTGTTTATC-TTTTC-3Ј. The outer RACE PCR product (2 L) then was used in a nested inner RACE PCR reaction (50 L) that consisted of the kit inner RACE primer: 5Ј-CGCG-GATCCGAACACTGCGTTTGCTGGCTTTGATG-3Ј and a Pg93 inner primer 5Ј-TCATCATCTTTTCTTGTTGTCTC-3Ј. The following thermocycling conditions were used for the PCR reactions: 94°C for 3 minutes, followed by 35 cycles of 94°C for 30 seconds, 56°C for 30 seconds, 62°C for 3 minutes with a final extension at 62°C (the optimal annealing temperature for Plasmodium genes) for 10 minutes. 33 PCR products were analyzed using agarose gel electrophoresis. 29 Negative and positive control PCR reactions, using either distilled water (negative control) or Pg93 DNA (positive control), also were done. RACE products (2-4 L) then were ligated into the pPCR-Script Amp SK(+) cloning vector (10 ng) and transformed into XL10-Gold Kan ultracompetent cells (40 L) using the PCR-Script Amp Cloning Kit per the manufacturer's instructions (Stratagene). Plasmid DNA was isolated from overnight cultures and sequenced by the campus sequencing facility. The resulting sequences were aligned and analyzed using previously described methods.
Transcriptional expression analysis by RT-PCR. To examine the expression of Pg93 in sporozoites, RT-PCR was carried out using the Superscript First-Strand Synthesis System for RT-PCR (Invitrogen/Life Technologies). Total RNA (5 g), isolated from sporozoite-infected A. aegypti abdomens and thoraces, was primed initially with oligo (dT) (0.5 g per 20 L reaction) following the manufacturer's instructions. PCR amplification was performed with gene-specific forward (F) and reverse (R) oligonucleotide primers: Pg93 (F, 5Ј-GA-AAAGATAAACACAAAAATGATAG-3Ј; R, 5Ј-CTTT-ATATCTTAACCTTTTATCGC-3Ј); P. gallinaceum circumsporozoite gene (CS) 24 (F, 5Ј-TGATGACAAACCTGAAG-GAGG-3Ј; R, 5Ј-AAAAGAACATCTTTCTAGTTCGC-3Ј); and A. aegypti muscle actin gene (Aeact-1) 16 (F, 5Ј-GGTATCCACGAAACTGTCTAC-3Ј; R, 5Ј-TTGGA-CGCTGACAAGTATCAC-3Ј). Each reaction (50 L) had a final concentration of 1X PCR buffer without magnesium, 3.0 mM MgCl 2 , 0.2 mM each dNTP, 2.5 U of Taq polymerase (Promega), and 0.4 M of each gene-specific primer. Initial denaturation of the template occurred at 94°C for 5 minutes. Amplification was performed for 30 cycles at 94°C for 30 seconds, 54°C for 30 seconds, and 62°C for 1 minute with a final extension at 62°C for 10 minutes. 33 Aeact-1 was used to show that RNA was present in all samples, and amplification of CS indicated the presence of sporozoite RNA in the parasite-infected samples. RNA isolated from nonfed mosquitoes and mosquitoes exposed to a noninfected blood meal served as controls. The amplification products were separated using agarose gel electrophoresis. 29 For the time-line RT-PCR analysis, P. gallinaceuminfected A. aegypti abdomens and thoraces were collected on Days 1-9 PE and Day 12 PE, respectively. Total RNA then was isolated and DNase treated as described above. This RNA (3 g/sample) was used to make first-strand cDNA that then was used in an amplification reaction with gene-specific forward (F) and reverse (R) oligonucleotide primers: Pg93 (F, 5Ј-TAACTAACAAAACACAATTCAAACAAG-3Ј; R, 5Ј-CCTAAAGATTGCATCATTCTTTCTT-3Ј) and Aeact-1 (see above). 16 Each reaction was prepared as previously described and the initial denaturation of the template occurred at 94°C for 2 minutes. The subsequent amplification cycles were performed as previously described. This time-line experiment was performed twice, and the same results were observed each time.
To determine if Pg93 transcripts were present in asexual blood stages, total RNA was isolated from P. gallinaceuminfected chicken blood (0.2 mL) on Days 7-8 postinfection and noninfected chicken blood (0.2 mL) using TRI Reagent BD (Sigma, St. Louis, MO) per the manufacturer's instructions. Total RNA (8 g) was primed with random hexamers to generate first-strand cDNA, and PCR amplification then was performed with gene-specific forward (F) and reverse (R) oligonucleotide primers: Pg93 (same as the time-line RT-PCR primers); P. gallinaceum asexually expressed smallsubunit ribosomal RNA (SSU rRNA) 36 (F, 5Ј-GGCTTAG-TTACGATTAATAGGAG-3Ј; R, 5Ј-TTACCGCTAATT-AGCAGGTTAAG-3Ј); and chicken mRNA carbonic anhydrase II (CA II) 39 (F, 5Ј-GAGTCTACAGGTTGGTG-CAG-3Ј; R, 5Ј-CTGCATGGAGGCAGCAGTC-3Ј). Each reaction (50 L) was prepared as described above. Initial denaturation of the template occurred at 94°C for 2 minutes and further amplification cycles were performed as previously described. CA II was used to show the presence of RNA in all samples, and the P. gallinaceum asexually expressed SSU rRNA gene indicated the presence of asexual blood stage RNA in the parasite-infected samples. The asexual blood stage transcriptional analysis was performed twice with the same results observed each time.
DNA isolation and sequence determination of Pg93. DNA, representing Pg93 genomic and cDNA clones and RACE products, was isolated from overnight cultures using Wizard mini-prep (Promega) and Qiagen midi-prep kits. The sequencing primers used in this study were obtained from Integrated DNA Technologies Inc. (Coralville, IA). Sequence of the isolated DNA was determined by the campus sequencing facility. DNA and protein sequence alignments were done using Vector NTI (Explorer or Contig Express). DNA and translated protein sequences were subjected to BLAST analysis to determine if they had similarity to sequences contained within the National Center for Biotechnology Information (NCBI) databases 1 and the PlasmoDB database. 34 To find homologues to the Pg93 protein, a PlasmoDB BLAST search was performed using the NCBI BLASTP program and "All Plasmodium ORFs" as the target database. PSORT II, a protein localization program, was used to predict protein localization sites. 25 The ExPASy Proteomics tools also were used for additional protein analysis. 3 DNA sequences contained within the Wellcome Trust Sanger Institute Pathogen Sequencing Unit P. gallinaceum database were used to complete the 5Ј end of the Pg93 genomic sequence. The sequence data have been submitted to GenBank (accession numbers AY775165-AY775167).
Degenerate PCR reactions. BLAST analysis of the Pg93 sequence against the PlasmoDB database indicated that Plasmodium berghei and Plasmodium yoelii did not contain a homologue to Pg93. To confirm these findings, degenerate PCR primers were designed from the conserved unknown domain 2, representing amino acids 551-558, and unknown domain 3, representing amino acids 625-631, of the Pg93 homologues. The primers were used in an amplification reaction containing 400 ng of genomic DNA isolated from P. gallinaceum, P. falciparum, P. berghei, and P. yoelii. The P. falciparum genomic DNA was provided by Dr. M. Ferdig (University of Notre Dame), the P. gallinaceum DNA provided by Dr. J. Vinetz (UCSD), and the P. berghei and P. yoelii DNA by Dr. A. Waters (Nijmegen). In brief, the templates were used in a 50 L PCR amplification containing final concentrations of the following: 2.50 U of Taq polymerase (Promega), 0.4 mM dNTPs, 1X reaction buffer, 6.0 mM MgCl 2 , and 1.4 M of each degenerate primer. The forward degenerate primer was 5Ј-YAYTAYGARAMIGTIGAIGA-IAT-3Ј and the reverse was 5Ј-AYRAAICCIARIGGIAR-ICC-3Ј. Amplifications were performed at 94°C for 5 minutes, followed by 34 cycles of 94°C for 1 minute 30 seconds, 40°C for 2 minutes 30 seconds, and 50°C for 5 minutes. PCR products were analyzed by agarose gel electrophoresis. Negative and positive control PCR reactions, using either distilled water (negative control) or Pg93 cDNA (5 ng), also were done. To confirm that the P. berghei and P. yoelii genomic DNA was amplifiable, positive control reactions containing P. berghei and P. yoelii genomic DNA and gene-specific primers for the P. berghei thrombospondin related adhesive protein (TRAP) 28 and Pyo4, a novel sporozoite gene (Beerntsen BT and others, unpublished data), respectively, were performed using a standard gene amplification protocol.
To confirm that the correct PCR products were amplified, the Pf93 degenerate PCR product and the positive control product were gel-purified using the Wizard SV gel and PCR clean-up system (Promega). The purified PCR products (12 ng) then were ligated into the pGEM-T Easy Vector (Promega) and transformed into JM109 competent cells (50 L) per the manufacturer's instructions (Promega). Plasmid DNA was isolated from overnight cultures and sequenced by the campus sequencing facility. The resulting sequences were aligned and analyzed using previously described methods.
Recombinant protein expression and purification. To produce polyclonal antibodies for immunoblotting studies and localization assays, recombinant Pg93 fusion protein (rPg93) was generated. A fragment, representing the carboxy region of the Pg93 open reading frame (ORF), was selected, and NcoI and SmaI cloning sites were incorporated into the primers used to amplify this region. The primers, forward, 5Ј-GG-ATCCATGGGTAGATATAGTGACTATAACAAA-AGG-3Ј, and reverse, 5Ј-CATCCCCGGGTCAAGAGGTA-AACCTAAAGATTGC-3Ј, were used to amplify a sequence that encoded a region of the Pg93 protein defined by amino acids 432-630. The PCR amplifications were performed using the Pg93 genomic clone (25 ng) as a template and included reaction components as previously described. The amplification consisted of 30 cycles of 94°C for 30 seconds, 53°C for 45 seconds, and 62°C for 1 minute with a final extension temperature of 62°C for 10 minutes. 33 The amplification product was digested with NcoI and SmaI following the manufacturer's protocol (Promega) and ligated into the NcoI/SmaI double-digested dual-affinity expression vector, pAKSS. 31 The Pg93 fragment then was expressed as a glutathione-Stransferase (GST)-Pg93-6xHis fusion protein. Purification of the rPg93-fusion protein was done via a His-Bind Kit protocol (Novagen, Madison, WI) modified by the inclusion of imidazole (final concentration of 50 mM) in the wash buffer, followed by a final wash without imidazole. Recombinant Pg93 protein was eluted with 50 mM EDTA, and the eluted fractions were analyzed for the presence of recombinant protein by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10% gel) and Western blot analysis as described in the immunoblotting section.
Antibody production and purification. Two sterile wiffle balls (1.5 in diameter each) were surgically implanted into the lateral flank area caudal to the last rib of a female New Zealand White rabbit. 6 Initially, pre-immune serum was obtained from the rabbit and then to eliminate cross reactivity with E. coli, GST, and mosquito proteins, the pre-immune serum and the subsequently obtained anti-Pg93 serum were both depleted of anti-E. coli and anti-GST antibodies by chromatography on an E. coli-GST lysate-bound nickel column. To further purify these sera, they were preabsorbed to Optitran nitrocellulose strips (Schleicher & Schuell, Keene, NH) containing GST-E. coli lysate proteins, mosquito midgut proteins, and salivary gland proteins. Briefly, 10 A. aegypti midguts were resuspended in 10 L of distilled water, and 10 pairs of salivary glands were resuspended in 5 L of distilled water. Sample buffer was added to a final concentration of 0.5% bromophenol blue, 4% SDS, and 10% 2-␤-mercaptoethanol (1X). The samples were homogenized using a pestle homogenizer (Kimble/Kontes, Vineland, NJ) and denatured at 95°C for 10 minutes. Following denaturation, samples were placed on ice for 2 min and then separated using SDS-PAGE (10% gel). Proteins were transferred onto an Optitran nitrocellulose membrane (Schleicher and Schuell) using the protocol described in the immunoblotting section. The membrane, containing lanes of midgut, salivary gland, or GST/E. coli lysate proteins, was cut into strips, and one strip was added to a 1.5 mL microfuge tube containing a 1:200 dilution of either pre-immune or anti-Pg93 serum and incubated at 4°C on a rotator for a minimum of 1 hour. This procedure then was repeated for the other two strips.
After a 4-week recovery period, 100 g of purified rPg93 fusion protein was injected, once every 2 weeks, into the wiffle balls. Fourteen days after the final injection (third injection), high titer serum was obtained from the rabbit and the anti-Pg93 serum was IgG-purified on a protein A column (Pierce Biotechnology, Inc., Rockford, IL). To eliminate any potential cross-reactivity, the anti-Pg93 serum was treated in the same manner as described for the pre-immune serum.
Immunoblotting. Western blot analysis was performed to confirm that the rPg93 fusion protein size was correct and that the rabbit anti-Pg93 polyclonal antibodies recognized the rPg93 protein. 29 Briefly, the purified rPg93 protein and an aliquot of a GST-E. coli lysate were mixed 1:1 with sample buffer, denatured for 10 minutes at 95°C, and fractionated using SDS-PAGE (10% gel). The proteins then were transferred onto an Optitran nitrocellulose membrane (Schleicher and Schuell) at 25 volts for 50 min using a Trans-blot, SDsemi-dry transfer cell (BioRad, Hercules, CA). After overnight blocking with 5% non-fat dry milk/0.01% NaN 3 in Trisbuffered saline pH 7.5 (TBS) (0.15 M NaCl, 50 mM Tris), the blot was washed twice with TBS for 10 minutes and incubated with one of the following: 1) anti-Pg93 IgG (1:10,000), 2) rabbit pre-immune serum (1:10,000), or 3) mouse anti-GST mAb (Sigma) (1:2000) diluted in TBS/0.05% Tween 20 (TBS-T) for 1 hour at room temperature. After three 10-minute washes with TBS-T, the blot was incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (Sigma) at 1: 20,000 dilution or anti-mouse IgG F(ab') 2 (Jackson ImmunoResearch, West Grove, PA) 1:10,000 in TBS-T, and the electrochemical luminescence (ECL) kit (Amersham Biosciences) was used to detect positive signals. GST/E. colidepleted rabbit pre-immune serum was used as a negative control to show that there was no cross-reactivity with bacterial proteins. The GST/E.coli lysate was used to show that the GST/E. coli-depleted anti-Pg93 antibodies did not recognize the GST or any E. coli proteins in the Western blot analysis.
Confocal microscopy. Sporozoites isolated from oocysts or salivary glands were resuspended in methanol-free 4% paraformaldehyde (EM Sciences, Washington, PA) in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 2 mM KH 2 PO 4 )/0.075% NP40 and incubated for 30 minutes. After the incubation, 6,000-10,000 sporozoites were placed onto ringed slides (∼10 L per ring) coated with 3-aminopropyltriethoxysilane (Sigma) to increase sporozoite adherence to the slides and allowed to air-dry. 2 After air-drying, slides were spray washed four times with 1.0 mL of PBS pH 7.0/0.075% NP40 and blocked in PBS containing 1% non-fat dry milk/ 0.075% NP40 overnight at 4°C. Sporozoites then were incubated in primary antibody (anti-Pg93 IgG, rabbit preimmune serum, or anti-CS mAb) 21 , diluted 1:200 in blocking solution, overnight at 4°C. After three washes with PBS pH 7.0/0.075% NP40, sporozoites were incubated in the dark with an Alexa-488-labeled goat anti-rabbit or anti-mouse antibody (1:200) (Molecular Probes, Eugene, OR) and propidium iodide (nuclear stain) (Molecular Probes) at 1:50 dilution in blocking solution for 3 hours at room temperature. The slides then were washed 3-4 times with PBS pH 7.0/0.075% NP40 and one drop of Mowiol (Calbiochem, La Jolla, CA), a water-based mounting media, was added to each slide followed by a coverslip. The red and green fluorescence were visualized simultaneously using 488-nm light from an argon laser and 568-nm light from a krypton/argon laser on a Radiance 2000 confocal system (BioRad) coupled to an Olympus IX70 inverted microscope (Tokyo, Japan). The individual red images representing the nucleus of the sporozoite and green images representing the sporozoite were superimposed and analyzed using Laser Sharp 2000 software (BioRad). This confocal microscopy experiment was repeated three times with an estimated 100 sporozoites examined in each of the three groups per experiment. cDNA, designated Pg93, was isolated. This cDNA had a stop codon at the 3Ј-end corresponding to the region encoding the presumed carboxy terminus of the protein, but was incomplete at the 5Ј end. Therefore, a RACE protocol was performed to obtain the complete 5Ј end. Four RACE products were sequenced and aligned to generate a consensus sequence that resulted in a complete cDNA sequence (1,902 bp). Starting at the initiating methionine, the translated consensus cDNA sequence encodes a putative 634 amino acid (aa) protein with an approximate molecular mass of 76 kDa.
RESULTS

DNA isolation and sequence determination and analysis of
To obtain a full-length Pg93 genomic sequence, the Pg93 cDNA and a partial Pg93 genomic clone (1946 bp that was incomplete at the 5Ј end) were used to identify the necessary 5Ј genomic sequence from a P. gallinaceum whole-genome shotgun sequence database produced by the Pathogen Sequencing Unit at the Wellcome Trust Sanger Institute. The resulting consensus genomic sequence was 2016 bp in length with a single intron at base pairs 162-275 (Figure 1) . The intron contains consensus splice-junction acceptor and donor sequences with 5Ј-end GT and 3Ј-end AG dinucleotides. Like the consensus cDNA sequence, the genomic sequence appears to contain a probable initiating methionine that follows Kozak's rules, which state that a methionine is compatible with the start of translation if it contains an A nucleotide at the −3 position relative to the AUG start codon (data not shown). 20 Using Vector NTI analysis tools, the predicted protein is basic with a calculated net charge of 30.42 at a pH of 7.0 and a pI of 9.29. The PSORT II analysis program predicted a number of nuclear localization signals (NLS) including PYLKKSK (aa 51-57) and RKKKR (aa 231-235). 25 It also predicted bipartite NLS that included KKRKSIEDKIKD-KKKRKK (aa 70-87), KKQAHIGNNKDDKKHRT (aa 268-284), KKDYKATKKENEEEKRKK (aa 345-362), and KKIVEKGNEEKIERKKD (aa 374-390) (Figure 1) . 25 The ScanProsite program detected multiple putative sites for Nmyristolation, N-glycosylation, and phosphorylation (data not shown). 3 No signal peptide sequence was identified as determined by the SignalP program. 26 Transcription factors are found in the nucleus, and although Pg93 was predicted and later confirmed to encode a nuclear protein, Pg93 does not appear to encode any known transcription factors. The Pg93 protein lacks domains and motifs commonly associated with transcription factors like DNA binding domains, zinc fingers, helix-turn-helices, leucine zippers, 30, 32 and high mobility group consensus sequences. 27 The Pg93 protein also does not appear to have sequence homology with other known nuclear factors such as the splicing proteins involved in RNA splicing. 12 When compared with Plasmodium sequences in the PlasmoDB database via BLAST analysis, 34 the Pg93 protein shared 29% identical amino acids and an additional 19% conserved residues with a P. falciparum hypothetical protein (PFE1055c in PlasmoDB) and 27% identical amino acids and 20% additional conserved residues with a translated P. knowlesi nucleotide sequence (Genomic Pk_195d11p1c in PlasmoDB) (Figure 2A ). BLAST analysis of the Pg93 protein with the translated P. vivax sequences in the PlasmoDB database revealed that it shared 25% identity and had an additional 21% conserved residues with a translated P. vivax nucleotide sequence (Genomic Pv_402361 in PlasmoDB). Regions of high identity/similarity are referred to as unknown domains (UKND) 1, 2, and 3. BLAST analysis of these unknown domains, using the short, nearly exact match NCBI database, revealed that they have no significant similarity with other known proteins.
Using a degenerate PCR protocol, an ∼250-bp PCR product, representing the region between the second and third conserved domains, was amplified from 400 ng of P. gallinaceum and P. falciparum genomic DNA, as well as the positive control DNA (5 ng Pg93 cDNA) ( Figure 2B ). After sequence analysis and alignment of the degenerate PCR products, it was determined that the flanking sequences matched the conserved regions from which the primers were designed, and the region between the primers corresponded with the sequence between the conserved regions. Equal amounts of P. berghei and P. yoelii genomic DNA failed to generate a product using the degenerate primers ( Figure 2B ), but when gene-specific primers were used, the appropriately sized products were amplified (data not shown). These results suggest that the homologue to Pg93 is not present in either P. berghei or P. yoelii. This experiment was performed twice and the same results were observed each time.
Transcriptional analysis of Pg93 via RT-PCR. The Pg93 gene transcript was present in both sporozoite-infected thoraces, containing mature salivary gland sporozoites, and in abdomens, containing mature oocyst sporozoites ( Figure 3A) . However, Pg93 transcripts appear to be more abundant within the sporozoite-infected abdomens as compared with sporozoite-infected salivary glands. Detection of the CS transcript indicates that there was sporozoite RNA in both of the sporozoite-infected tissue samples. Although there were only minor differences in CS abundance between the two sporozoite populations, the levels of Pg93 transcripts appear to be considerably higher in the ooycst sporozoites versus the salivary gland sporozoites even though the same starting amounts of total RNA and cDNA templates were used for each gene examined. This experiment was performed three times with independent RNA samples, and the same preferential expression pattern for Pg93 was seen on each occasion.
A more in-depth time-line RT-PCR analysis of Pg93 transcripts in the mosquito vector showed that there is an abundance of Pg93 transcripts present in the P. gallinaceuminfected A. aegypti mosquito midgut on Days 1-2 PE ( Figure  3B ). Although transcript abundance declines on Day 3 PE, it then increases beginning on Day 6 PE until Day 8 PE, during which time sporozoites are forming within the oocysts.
Transcriptional studies assessing P. gallinaceum-infected chicken blood show that Pg93 transcripts also are present during the erythrocytic stages ( Figure 3C ). Detection of the P. gallinaceum asexually expressed SSU rRNA gene indicates the presence of parasite RNA in the infected chicken blood, and detection of CA II shows that chicken RNA was present in all of the samples.
Recombinant Pg93 protein expression and purification. The recombinant Pg93-GST fusion protein (rPg93) was produced in E. coli, purified, and its size (55 kDa) was confirmed by SDS-PAGE ( Figure 4A ). Anti-GST monoclonal antibodies recognized the GST portion of the rPg93 protein ( Figure 4B ), indicating that the appropriate protein was produced. The recombinant protein then was injected into a rabbit for polyclonal antibody production. The GST/E. colidepleted anti-Pg93 serum was IgG-purified on a protein A column, preabsorbed to noninfected mosquito tissues, and then used to detect rPg93 ( Figure 4C ). As expected, the purified anti-Pg93 antibodies recognized only rPg93 and did not recognize the GST protein. A negative control reaction, using preabsorbed rabbit pre-immune serum as a primary antibody, did not show cross-reactivity with rPg93 or any E. coli proteins (data not shown).
Confocal microscopy. In all oocyst sporozoite samples examined, the Pg93 protein localized to the nucleus as indicated by the yellow color where the red (nuclear stain) and green (secondary antibody) overlap ( Figure 5 ) with limited cyto-plasmic staining. In salivary gland sporozoites, the Pg93 protein was barely detectable as compared with its expression in oocyst sporozoites. These results confirm the transcriptional analysis that Pg93 is preferentially expressed in ooycst sporozoites. These results also support the PSORT II prediction that Pg93 encodes a nuclear protein. As expected, the CS mAb positive controls show surface labeling in both salivary gland and oocyst sporozoites, and the rabbit pre-immune serum was negative for labeling sporozoites.
DISCUSSION
In this study, we completed the initial molecular and cellular characterization of a novel oocyst sporozoite gene, Pg93, which was isolated via a subtractive hybridization protocol and appears to be preferentially expressed in oocyst sporozoites. Initially, the Pg93 cDNA sequence was incomplete, and when salivary gland sporozoite and oocyst sporozoite cDNA libraries were screened, we were not able to obtain a full-length cDNA clone. When a RACE protocol using RNA isolated from salivary gland sporozoites was attempted, Pg93 still could not be amplified. Only when RNA isolated from infected abdomens containing mature oocyst sporozoites was used for the RACE protocol was the cDNA sequence then completed, such that it contained an initiating methionine.
The consensus Pg93 genomic sequence, like the consensus cDNA sequence, appears to contain a probable initiating methionine. A 114-bp intron is present in the consensus genomic sequence, and when the consensus Pg93 sequence was subjected to BLAST analysis against the PlasmoDB database, homologous sequences were identified in P. falciparum, P. knowlesi, and P. vivax. These three homologous sequences represent open reading frames (ORFs) that were present in the PlasmoDB database, and each was predicted by PSORT II analysis to localize to the nucleus. 25 The ScanProsite pro- The amplifications were performed with gene-specific Pg93, Aedes aegypti muscle actin (Aeact-1), and Plasmodium gallinaceum circumsporozoite (CS) primers that are listed above each set of templates. Expression of the Aeact-1 transcript showed that there was RNA present in all samples. Amplification of the CS gene indicated the presence of sporozoite RNA in the parasite-infected samples. A lanes represent noninfected whole A. aegypti mosquitoes; B lanes represent thoraces isolated from A. aegypti exposed to a noninfected blood meal; C lanes represent abdomens isolated from A. aegypti exposed to a noninfected blood meal; D lanes represent thoraces isolated from A. aegypti infected with salivary gland sporozoites; E lanes represent abdomens isolated from A. aegypti infected with mature oocyst sporozoites; F lanes represent positive control reactions for each gene. DNA size markers in base pairs (bp) are shown to the left of all figures. B, Pg93 transcripts were detected at all time points examined in P. gallinaceum-infected A. aegypti. Total RNA was isolated from P. gallinaceum-infected abdomens and thoraces on Days 1-9 postexposure (PE) and Day 12 PE, respectively, and first-strand cDNA was used in a PCR amplification containing Pg93 and Aeact-1 genespecific primers. Pg93 cDNA was used for the positive control reaction (+) and PCR reagent mix minus DNA was used for the negative control reaction (−). The Aeact-1 control reaction showed that RNA was present in all samples. C, Analysis of P. gallinaceum-infected chicken blood indicates that Pg93 transcripts are present in the asexual blood stages. The amplifications were performed with firststrand cDNA representing noninfected chicken blood (N) and infected chicken blood (I). Primers specific for Pg93 (Pg93), the P. gallinaceum asexually expressed small-subunit ribosomal RNA (SSU rRNA), and chicken mRNA carbonic anhydrase II (CA II) are listed above each set of templates. Negative control reactions (−) also were performed. CA II was used to show the presence of RNA in all samples, and the P. gallinaceum asexually expressed SSU rRNA gene indicated the presence of asexual blood stage RNA in the parasiteinfected samples. FIGURE 4. Western blot analysis using recombinant Pg93-glutathione-S-transferase (GST)-His-tagged fusion protein (rPg93) and anti-GST or anti-Pg93 antibodies. A, A Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide gel (10%) shows that the purified rPg93 protein was produced and is the appropriate size (∼55 kDa). For all figures, the top right arrow denotes the size (∼55 kDa) of the induced rPg93 protein (Lane 2) and the bottom right arrow denotes the ∼29-kDa GST control protein in the lysate (Lane 1). B, Western blot analysis shows that the rPg93 fusion protein is recognized by anti-GST monoclonal antibodies, indicating that a protein of the correct size was produced (Lane 2). As expected, the GST control protein in the lysate also was recognized (Lane 1). C, The IgGpurified/preabsorbed anti-Pg93 polyclonal antibodies specifically recognize the purified rPg93 fusion protein. Western blot analysis shows that the induced rPg93 protein (Lane 2) is recognized by the antiPg93 polyclonal antibodies, indicating that the appropriate antibodies were produced in the rabbit. As expected, the ∼29-kDa GST control protein is not recognized because the anti-Pg93 antibodies were preabsorbed against GST/E. coli proteins (Lane 1). Molecular weight markers in kilodaltons (kDa) are shown to the left of the figures.
gram predicted putative N-myristolation, N-glycosylation, and phosphorylation sites for all of the homologues. 3 There also appear to be three unknown domains that are conserved among Pg93 and its homologues. NCBI BLAST analysis of the three unknown domains, using the short nearly exact matches database, revealed that these regions do not have significant identity with any other known molecules. Based on the degenerate PCR results, either there are no Pg93 homologues in the rodent malarias, P. berghei and P. yoelii, or the homologues are divergent enough to lack those particular conserved domains from which the primers were derived.
The Pg93 gene is extremely AT-rich (76%), which is characteristic of Plasmodium genomes. 9 It encodes an ∼76 kDa protein; however, there are many predicted sites for posttranslational modification by myristolation, glycosylation, or phosphorylation. Therefore, it may be possible that the actual molecular weight of the primary protein structure is increased by modifications of individual amino acids. Initial efforts to determine the size of the actual Pg93 protein, using immunoblot analysis of mosquito tissues infected with oocyst sporozoites and salivary gland sporozoites, were not successful. Although the CS protein was detected indicating the presence of sporozoite proteins, no Pg93 protein was detected, likely due to insufficient amounts of it in a complex mix of mosquito tissue and parasite proteins (data not shown). The predicted Pg93 protein is rich in lysine (19.91%), glutamine (12.32%), and asparagine (9.16%), thereby resulting in a slightly basic protein.
Expression analysis showed that Pg93 gene transcripts were present in oocyst sporozoite-infected abdomens and in salivary gland sporozoite-infected thoraces but at a greater abundance in the infected abdomens containing mature oocyst sporozoites. This suggested that Pg93 was more highly expressed in oocyst sporozoites as compared with salivary gland sporozoites. To confirm these findings, polyclonal antibodies were generated and immunolocalization studies were performed. Not surprisingly, the immunolocalization assays indicated that the Pg93 gene product localizes primarily to the nucleus in oocyst sporozoites but is virtually undetectable in salivary gland sporozoites. These data confirm the PSORT II prediction that Pg93 encodes a nuclear protein. These data also support the transcriptional analysis, which suggests that Pg93 is preferentially expressed in oocyst sporozoites.
RT-PCR analysis of presporozoite stages in P. gallinaceum-infected mosquitoes and analysis of asexual blood-stages showed the presence of Pg93 transcripts in all stages examined. Pg93 transcripts were observed when ookinetes would be present in the infected mosquito (Day 1 PE) and during initial oocyst formation (Days 2-3 PE), as well as sporozoite development (Days 6-8 PE). 10 It is possible, however, that the transcripts observed at Days 1-2 PE were from the asexual blood stage parasites ingested during the blood meal and did not represent new gene expression. Although Pg93 transcripts were detected in the asexual blood stages, preliminary immuno-fluorescence assays using Pg93 antibodies did not detect Pg93 protein expression in these particular stages (data not shown). These data are consistent with PlasmoDB developmental array analysis of Pf93 showing low levels of expression during the salivary gland sporozoite stage and expression during the asexual blood stages. 22 Currently, there is neither oocyst sporozoite transcriptional data available for Pf93 nor is there mass spectrometry data for the Pf93 protein. 8 Many nuclear proteins are transcription factors; however, sequence analysis of the Pg93 protein suggests that it does not contain known transcription factor features, such as a helixloop-helix, coiled-coil region, zinc finger, 30, 32 or high mobility group sequences. 27 Pg93 also does not appear to have known RNA recognition domains or sequence homology with other known nuclear factors such as the serine/arginine-rich (SR) and SR-like proteins that are involved in RNA splicing in the nucleus. 12 Although the function of the Pg93 protein is currently unknown, as it does not encode a known transcription or splicing factor, it represents the first example of a sporozoite nuclear protein that is preferentially expressed in the oocyst sporozoite stage. 
